With In this laboratory we have al)l)roachecl the problem of pel)-tide carbonyl delineation by means of CMR from the standpoint of solvent perturbation. Both dimethylsulfoxide (Me2-SO) and 2,2,2-trifluoroethanol (TFE) are good solvents for polypeptides in that they are capable of dissolving the peptides and yet allow or even promote secondary structure. Water is also a good solvent for many polypeptides. Dimethylsulfoxide is a poor proton donor whereas water and TFE are good proton donors. This is reflected in the chemical shifts of the peptide C-0 resonances in these solvents. With Peptide carbonyl carbon resonances have recently been assigned, in this laboratory, for the repeat peptides of elastin (12) and we have reported PAIR studies on the repeat pentamer, Valr-Pro2-GlyrVal4-Gly5, which indicate the secondary structure given in Fig. 1 (13) . With the solvent shielding of the Val4 NH, as observed with temperature and solvent studies in the PMR (13), it is the purpose of the present report to demonstrate that the shielding of the Val, C-0 from solvent by the Val4 NH is readily observed in the CMR. Effective solvent pairs in delineating the peptide C-0 resonances are Me2SO-TFE and Me2SO-D20. The latter solvent pair allows the important transition into aqueous systems.
show the peptide carbonyl which is intramolecularly hydrogen bonded to exhibit less chemical shift on going from a dimethylsulfoxide solution to a solution containing a solvent which is a good proton ( For approximately 5 years proton magnetic resonance (PMR) has been utilized to evaluate secondary structure of polypeptides in solution. Three approaches have been used to delineate peptide Ni protons, i.e., rate of H-D exchange of assigned resonances, temperature dependence of peptide NH chemical shifts, and solvent dependence of peptide NH chemical shifts. In studies on gramicidin S, Stern et al. (1) made use of exhange data to assist in their proposed solution conformation; Ohnishi and Urry (2, 3) demonstrated that the intramolecularly, hydrogen bonded, peptide NH protons exhibited lesser temperature coefficients of chemical shift; and Pitner and Urry (4) showed a dramatic delineation of intramolecularly hydrogen bonded, from solvent exposed, peptide NH moieties by noting the chemical shift differences effected by a methanol-2,2,2-trifluoroethanol (TFE) solvent titration. The temperature studies of Kopple et al. (5, 6) on peptide NH chemical shifts of cyclic hexapeptides correlated well with x-ray diffraction studies on cyclic hexapeptides (7) . The application of change in temperature dependence of valinomycin peptide NH chemical shifts before and after complexation with K+ to deduce hydrogen bond formation on complexation (2, 3) was independently substantiated with the crystallographic studies of Pinkerton et al. (8) on the valinomycin-K+ complex. And the hydrogen bond between the Cys6 C-O and the Gly9 NH of oxytocin, proposed on the basis of temperature dependence of peptide NH chemical shifts (9) , was independently confirmed by the x-ray diffraction studies of Rudko et al. (10 Peptide carbonyl carbon resonances have recently been assigned, in this laboratory, for the repeat peptides of elastin (12) and we have reported PAIR studies on the repeat pentamer, Valr-Pro2-GlyrVal4-Gly5, which indicate the secondary structure given in Fig. 1 (13) . With the solvent shielding of the Val4 NH, as observed with temperature and solvent studies in the PMR (13) , it is the purpose of the present report 
MATERIALS AND METHODS
The synthesis of Vali-ProrGly3-Val4-Gly5 has been reported previously (13) . To assist assignment of the peptide carbonyl carbon resonances, [1-13C ]glycine was used to enrich the Gly8 to 2% and the Gly5 to 3%. These specific syntheses are also reported elsewhere (12) .
Carbon-13 magnetic resonance spectra were obtained on a JEOL-PFT-100P spectrometer operating at 25.15 MHz and utilizing an EC-100 computer system with 20K memory of a 980A Texas Instrument Computer. Resolution was 0.05 ppm. The protons were decoupled at 100 MHz and a deuterium lock was used at 15.36 MHz. A 10-mm sample tube was fitted with a 0.45-ml insert (Wilmad Glass Co., Inc., Buena, N.J.) and in general 50-100 mg of peptide was dissolved in 0.5 ml of solvent for the CMR studies. For the organic solvents, an internal reference of TMS was used. The sample temperature was maintained at 33°.
Proton magnetic resonance data was obtained on a Varian HR-220 spectrometer equipped with a Spectrosystem 100 computer with 16K of 620 i/l memory. Tetramethylsilane was also used as an internal reference per PMR.
RESULTS
The assignment of all carbon resonances of HCO-VPGVGOMe in CD30D is given in Fig. 2 . The solvent CD3 peak obscures only the Pro2 6CH2 resonance which is seen on the downfield edge of the CD3 center line. Assignment of the upfield resonances, 15 ppm to 65 ppm, was achieved by stepwise synthesis. The carbonyl assignments were obtained by enrichment of the glycine carbonyl carbons to 2% and 3% for Gly3 and Gly5, respectively, and by chemical methods. As shown in Fig. 3 e.g., the Pro2 C-0 is found at 174.73 ppm in CD30D, it is worthwhile to carry out a Me2SO-d6-CD30D titration to see if delineation is still observed. This is because the Val4 NH is well delineated in both Me2SO and methanol by temperature dependence (see Table 2 ) and consequently the same reason for shielding of the Val4 NH is expected to obtain in both solvents. The Me2SO-d6-CD30D solvent titration is given in Fig. 6 . As expected, the differential movement of the peptide carbonyls is less but the delineation is maintained with the Val, C-0 showing less solvent dependence.
DISCUSSION
The foregoing CMR results demonstrate that the Val, C-0 moiety is shielded from the solvent. Solvent studies on the tripeptide HC0-Val1-Proj+ 1-Glyj+ 2-0Me indicate that the solvent shielding of the Vali C-0 is not a direct result of the primary structure and does not occur in this case in the absence of residue i + 3. The PMR results show that solvent shielding of the NH of residue i + 3 requires the peptide carbonyl of residue i (14) . Thus the apparent conclusion is that solvent shielding of the NH of residue i + 3, as seen in PMR, requires the C-0 of residue i and conversely that solvent shielding observed in CMR of the C-0 of residue i requires the NH of residue i + 3. Carbon-13 magnetic resonance, therefore, by solven t interactions provides a method for the evaluation of polypeptide secondary structure in solution.
The conformational feature responsible for solvent shielding, indicated in Fig. 1 (20) .
Oxytocin
The primary structure of oxytocin is H-Cys,-Tyr2-Ile3-Gln4-Asn5-Cys6-Pro7-Leu8-Gly9-NH2. Proton magnetic resonance studies of this laboratory (21, 9) , have led to the proposal of a solution conformation in which there are three intramolecular hydrogen bonds involving three peptide C-O moieties and three peptide NH moieties. The hydrogen bonds proposed are between (1) the Tyr2 C-O and the Asn5 NH, (2) the Asn5 C-O and the Tyr2 NH, and (3) the Cys6 C-O and the Gly9 NH (21, 9). Fortunately the peptide carbonyl carbon resonances have been assigned for oxytocin in D20 (19) and for the acyclic analogue in MX~e2SO (18) . In the acyclic analogue the Cys, and Cys6 sulfides are blocked preventing cyclization by disulfide bridge formation. The comparison of the acyclic analogue of oxytocin in M-Ie2SO with oxytocin in D20 provides a good opportunity to see if shielding from the solvent is observed for the peptide carbonyls. The peptide C-0 chemical shifts are given in Table 3 . The three peptide C-0 resonances which shift downfield the least, on-going from the acyclic structure in Me2SO to the cyclic structure in D20, are the three peptide carbonyls that had been proposed to form intramolecular hydrogen bonds from PMR studies (21, 9) and the delineation, in general, is large. This is a highly favorable result to observe on such a complicated peptide.
Note Added in Proof. The assignments of the peptide carbonyl carbon resonances of gramicidin S have just been reported by Sogn, Craig, and Gibbons (1974) J. Amer. Chem. Soc. 96, 3306-3309; and the assignments for the hydrogen bonded peptide carbonyls are as predicted by the solvent delineation studies (11) . This further substantiates the CMR solvent delineation as a means of evaluating polypeptide secondary structure.
